Gold-sulfur bonding is investigated theoretically using a variety of electronic structure methods, including the Becke-Perdew semilocal density functional, the B3LYP hybrid approach, the Hartree-Fock method, and the post Hartree-Fock approaches MP2 and QCISD͑T͒. Particular emphasis is given to adsorption structure and energetics in the case of weak and strong interactions of this general type, using up to five gold atoms and up to three carbon atoms in the aliphatic chain. It is found that all methods which take into account electron correlation, including the density functional methods, lead to quite similar structures. Concerning the energetics, the Becke-Perdew functional is found to overbind typically by about 5-15%. Quasiglobal structural relaxation based on ab initio simulated annealing clearly shows that the adsorption of thiolates onto gold clusters results in a dramatic distortion of the cluster framework. From a structural point of view the thiolate sulfur-gold bond has a distinctive directional ͑covalent͒ character which results in a clear preference for Au-S-C bond angles in the range of 103.5°and 108.7°. In general, dissociation into open-shell species is preferred against the formation of the ionic closed-shell counterparts if the sulfur-gold bond is forced to break. However, neutral closed-shell products can be favored if fragmentation of the gold cluster is allowed for as a dissociation channel. Finally, it is demonstrated that using ethyl or n-propyl chains instead of the methyl group leads to only small changes of the binding energies.
I. INTRODUCTION AND MOTIVATION
Self-assembled monolayers ͑SAMs͒ of alkanethiolates on gold are one of the most studied metal surface-adsorbate molecule systems. Extensive experimental investigations of the adsorption and desorption process of thiols of different chain lengths on several gold surfaces have been performed under UHV and various ambient conditions with selfassembly from the gas phase and liquid phase, respectively, see for instance Refs. 1-6. In contrast, the accompanying theoretical description of these systems is at a much less developed state. This is due to a number of serious problems that are present with first principles calculations of gold surfaces, such as proper modeling of the metallic state and low index surface reconstruction, in addition to concerns over the proper description of gold-sulfur interactions by currently available electronic structure methodologies.
The long-term goal of our current research is to model the rupture process of single alkanethiols ͑R -SH where R ϭaliphatic chain͒ and alkanethiolates (R -S Ϫ ) from gold surfaces, as recently measured by means of atomic force microscopy ͑AFM͒ experiments. 7 The strong evidence for sulfur-gold bonds in these systems having a pronounced covalent character and the metallic nature of the gold surface make this question not easily accessible to atomistic simulations based on simple potential models. Rather, it inherently requires an overall description based upon first principles electronic structure calculations. In addition, the exceptional molecular diffusivity and mobility of metallic gold calls-in the long run-for ͑ab initio͒ molecular dynamics methods in order to investigate this problem. Before such a massive undertaking may be performed it is necessary to evaluate carefully and critically the electronic structure aspect of the problem. A short review of first principles calculations on the gold-thiolate system immediately reveals the inherent difficulties. Pioneering calculations on the adsorption of CH 3 S Ϫ on gold are due to Sellers et al., 8 where 11-electron effective core potentials in conjunction with Møller-Plesset secondorder perturbation theory ͑MP2͒ have been applied. The structure of the Au 16 SCH 3 cluster used as a model for the thiolated Au͑111͒ surface was not fully relaxed, rather only the S-Au distance and the molecular angle towards the surface were optimized. A similar model Au 17 SCH 3 with a different electronic structure approach has been used by Beardmore et al. 9 for the calculation of empirical potential functions for the thiolate-gold interaction. These latter au-thors used gradient-corrected density functional theory ͑DFT͒ with Becke exchange and Lee-Yang-Parr correlation functionals ͑BLYP͒ 10, 11 and an 11-electron effective core potential for the description of the gold core. Still, only molecular angles and the S-Au distance were optimized, but the results feature substantial deviations from earlier work ͑com-pared to Ref. 8 : ⌬d Au-S Ϸ0.4 Å͒. However, the electronic properties of gold clusters are known to change strongly with cluster size, 12 which might be one reason for such differences. While the ionization potential ͑IP͒ of a gold monomer is as large as 9.2 eV, 13, 14 the work function of bulk gold is only 5.1 eV. The IP of an Au 16 cluster is still about 2.6 eV larger than the bulk value. 15 To our knowledge, cluster size dependent ab initio calculations of the gold-thiolate interaction have only been reported by Cho et al. 16 with SCH 3 Ϫ , SCH 3 SH, and Au n , nϭ1 -3. These calculations, which focus on the ͑CS͒ vibrational shifts, do not exceed the Hartree-Fock level of approximation and use gold clusters with fixed bulk Au-Au interatomic distances. Thus, while these calculations gave important insights into the nature of the chemical bonding, it is doubtful whether structural effects on the clusters can be neglected altogether. Recently, three large-scale first principles investigations of the bonding properties have been reported. First, Häkkinen et al. 17 have calculated electronic and geometrical properties of the thiolate passivated Au 38 ͑SCH 3 ͒ 24 cluster. These authors also use a scalar-relativistic 11-electron pseudopotential together with plane waves within local-spin density functional theory, with gradient correction applied non-self-consistently. The same system was investigated by Garzón et al. 18 who find a very different amorphous structure to be the ground state of Au 38 ͑SCH 3 ͒ 24 . They used DFT with scalar-relativistic pseudopotentials and a double-basis set of numerical atomic orbitals. They additionally crosschecked their results with a plane wave basis set calculation.
Grönbeck et al. 19 studied thiols and disulfides on an Au͑111͒ surface with a total of 100 gold atoms, represented again by an 11-electron pseudopotential in the framework of plane wave slab calculations. Within this approach both the local density approximation and gradient corrections ͑in particular the BLYP 10, 11 and PBE 20 functionals͒ have been tested. The PBE correction has been found to perform better than the other two methods. The same authors have also addressed the difference between cluster and surface binding within their PBE scheme and different Au 38 ͑SCH 3 ͒ 2 configurations in a more recent study 21 Finally, no theoretical study known to us addresses the effect of longer carbon chains, an issue which is of major concern in the experimental literature. 22, 23 The effect of this chain-length dependence has been neglected in all previous studies [17] [18] [19] 21, 24, 25 and it remains unclear to which extent results obtained with the smallest possible thiolate, CH 3 S Ϫ , can be transferred to molecules of arbitrary chain length.
The goals of the current paper are threefold. The first is technical in nature and revolves around gauging density functional methods relative to MP2 and higher levels of post Hartree-Fock theory, which have been shown to give reliable results for gold-sulfur systems. 26 To this end, a series of small gold-thiol adducts will be examined using various electronic structure methods. It is, however, important to note that it is not practical to employ post Hartree-Fock methods for studies involving surface slab calculations, in particular in a molecular dynamics mode. In addition, when considering that the proper theoretical description of the gold dimer itself is still a controversial issue, 27, 28 it is needless to say that calculations of gold-thiolate systems can only be semiquantitative in nature, currently as well as in the near future. Thus, it is essential to verify how well standard ͑semilocal͒ density functionals provide acceptable answers in order to judge dynamical simulations in the near future, which necessarily rely on such methods. Second, from a sufficiently large set of isomers we will be able to address the energetics and the directionality of the Au-S bond, which in turn might give us information as to what degree this interaction should be considered covalent and directional as opposed to more ionic and nondirectional. Finally, we wish to probe the effect of approximating the aliphatic chain of the thiolates by the methyl group. Thus, in addition to considering solely the methylthiol and methylthiolate species and their adsorption onto smaller gold clusters we also consider the ethyl and n-propyl analogues. This will allow us to quantify the dependence of binding energies and structural parameters upon chain length.
II. METHODOLOGICAL ASPECTS

A. Electronic structure approaches
The majority of the calculations presented here ͑in particular the ones dealing with more than two gold nuclei and the study of chain-length dependence͒ were performed in the framework of the Car-Parrinello approach 29 to electronic structure calculations [30] [31] [32] [33] [34] using the software package ''CPMD.'' 34, 35 Within this scheme quasiglobal structural optimization of the nuclear skeleton is possible by using a combination of ab initio molecular dynamics, ab initio simulated annealing, and local geometry optimization in a concerted manner, vide infra. In a nutshell, the CPMD code implements the Hohenberg-Kohn-Sham density functional theory 36, 37 with different semilocal gradient corrections ͑i.e., those of the ''generalized gradient approximation'' or GGA type͒ and pseudopotentials for the representation of the chemically inert core electrons together with a plane wave basis set. Concerning the choice of the particular density functional we continue to use the well-known BP86 11, 38 GGA, which was found to perform well in a related study of methanol adsorption on charged gold clusters. 39, 40 Let us stress that the Car-Parrinello approach has the advantage that it can be used to simulate dynamically much larger systems ͑such as periodic systems͒ than those presented in this preliminary investigation.
In order to gauge the quality of the plane wave DFT results, a series of calculations of the smallest species discussed here is performed using the quantum chemistry package GAUSSIAN 94, 41 which is based on localized Gaussian basis sets. An additional advantage is that ''small core'' pseudopotentials ͑leaving 19 active electrons in the valence shell of gold͒ can be easily used, whereas only the much softer ''large core'' versions with 11 valence electrons can be combined with plane waves in view of the computational workload, vide infra. Thus a first series of comparisons will be devoted to using the same BP86 functional once with plane waves and leaving 11 electrons active and once with Gaussians and 19 valence electrons. In addition, these BP86 results are compared with a nonlocal functional that explicitly includes Hartree-Fock exchange, our choice being the popular B3LYP functional 10, 42, 43 using the default parameters implemented in GAUSSIAN 94. 41 Furthermore, these DFT results can be compared to Hartree-Fock ͑HF͒ data as well as to standard post Hartree-Fock methods such as second-order Møller-Plesset perturbation theory ͑MP2͒ 44 and quadratic configuration interaction 45 with single and double excitations ͑QCISD͒ and QCISD͑T͒, which includes also perturbatively estimated triples.
In the CPMD calculations gold is represented by a scalar-relativistic Goedecker-type dual-space pseudopotential 46,47 leaving 11 electrons ͑i.e., the 5d and 6s shells͒ in the valence shell. But due to the use of a plane wave basis also carbon and sulfur have to be represented by pseudopotentials of the norm-conserving Troullier-Martins type, 48 which is known to be an excellent approximation. Finally, also for hydrogen a pseudopotential has to be used as usual ͑here the von Barth-Car type 49 is applied͒ in order to regularize the Coulomb divergence. The calculations using this approach will be denoted by CPMDx, where x is the plane wave cutoff in units of Rydberg, which was varied from 35 to 60 Ry; note that a ''small core'' pseudopotential would call here for a substantially higher cutoff. The simulation cell size was set at 13 Å throughout all the benchmark calculations and at 15.7 Å for the cluster calculations in Sec. III B.
The reference calculations performed with the GAUSSIAN 94 code employ the following scheme. All-electron 6-311G basis sets 50, 51 supplemented by (2d,2p) polarization 52 and diffuse functions, i.e., 6-311ϩG** bases, were used for sulfur, carbon, and hydrogen. The choice of this particular basis set is certainly a strong compromise between tractable reference calculations and accuracy. Gold is represented by a ''small core'' energy-consistent semirelativistic pseudopotential 53 of the Stuttgart group with 19 electrons in the valence shell and the associated basis set. Note that this setup is used for all calculations using GAUSSIAN 94, which are denoted by ''G94'' if necessary; in particular no pseudopotentials are used for sulfur and carbon. As basis set superposition errors BSSE 54 are a frequent source of uncertainty, the calculations have been checked for BSSE using additional ghost basis sets. The binding energy change ͑of less than 0.015 eV for B3LYP on the test system Au 2 CH 3 SH͒ due to these counterpoise corrections are judged to be negligible on the relevant accuracy scale so that all presented data are not BSSE corrected. It is noted in passing that plane wave calculations are free of BSSE by construction and therefore, so are the presented CPMD data.
Since only semilocal GGA-type functionals such as BP86 can be used in practice for dynamical large-scale slab calculations, it is essential to gauge the performance with respect to other electronic structure methods. Here, this is done by comparison with MP2 and QCISD͑T͒ data for small systems and contrasted to HF results. In the case of QCISD and QCISD͑T͒ only the valence electrons were included in the CI expansion, which greatly reduces the computational task while only slightly decreasing the accuracy. 26 In addition, only single-point energies have been obtained using QCISD͑T͒ based upon the geometries obtained from optimization using the MP2 method. As a crosscheck BP86 optimized structures were used for the species CH 3 S Ϫ and CH 3 SAu as well. The resulting two QCISD͑T͒ binding energies were found to differ by only 0.01 eV, which is again an acceptable systematic error. Finally, we stress that no spin effects are included in these calculations; in particular they are also neglected for the open-shell species. This implies that the conclusions drawn are subject to the caveat that these effects are negligible-at least on a relative, i.e., qualitative level.
B. Systems and optimization approach
Only cluster-thiol and cluster-thiolate adducts with an even number of electrons have been used in the calculations, in order to avoid as far as possible any complications due to spin-orbit coupling and spin-contamination. In particular the adducts were formed with the molecules CH 3 ϩ . This leads to 15 different closed-shell adduct combinations with a very large number of possible isomeric structures. Considering that ab initio studies of small gold clusters 55, 56 predict at least three isomers for both gold trimers and tetramers and five for pentamers, it becomes clear that an exhaustive exploration of all resulting clustermolecule isomers would be a formidable task. However, as little additional information would be gained for the purposes of this study, only low-lying isomers were examined in detail.
The three-step structural optimization procedure used here for both the bare clusters and their adducts follows closely the protocol introduced previously for adducts formed by methanol and charged gold clusters. 39, 40 The first step is an ab initio molecular dynamics equilibration at 250-350 K, followed by an ab initio simulated annealing phase. Finally, a standard local geometry optimization scheme ͑DIIS͒ is used to minimize the residual forces in order to obtain what we call optimized structures.
Once a low-energy structure of a given bare cluster has been determined, the chosen molecule is positioned close to the cluster so that it can react and form an adduct isomer at 250-350 K, followed by the annealing and local optimization steps. This ''full optimization procedure'' is only performed for molecule-cluster adducts with CH 3 S Ϫ or CH 3 SH, while the adducts formed with ethyl and n-propyl chains are derived from the optimized configurations obtained from the corresponding methyl cases. Note that although we are confident that low-energy configurations were obtained, we do not in any way presuppose that these are the global minima on the potential energy surfaces. We furthermore note that we do not intend to compile complete lists of isomers of the systems shown here, nor do we expect them to be complete. However, they will provide a representative set which will be a sufficient base for a systematic discussion of the chemistry of these systems.
III. RESULTS AND DISCUSSION
A. Small adducts: Evaluation of electronic structure methods
The calculations presented here focus on gauging the performance of a particular DFT approach ͑i.e., the BP86 GGA in a plane wave/pseudopotential implementation͒ compared to other electronic structure methods, which are computationally more expensive ͑and thus not a valid option for envisaged large-scale ab initio simulations͒ but potentially more reliable. The ''small adducts'' selected for this validation part are CH 3 S-Au, CH 3 SH-Au 2 ͑dissociating into CH 3 S Ϫ and ϪAu ϩ ͒, and CH 3 SH-Au ϩ , which might be considered to be representatives of strong, weak, and intermediate strength interactions of thiols/thiolates with gold, respectively. The only ab initio calculations ͑including DFT studies͒ of which we are aware that include a full relaxation of the CH 3 S-Au adduct are Hartree-Fock calculations reported by Cho et al. 16 Before addressing these points, the convergence of the plane wave calculations has to be assessed. A well-known feature of plane wave basis sets is that they are best suited for periodic systems or slab setups, but might easily induce artifacts for isolated systems due to mainly electrostatic couplings of the replicated periodic images. On the other hand, an advantage of plane waves as compared to atom-centered basis sets is that basis set truncation artifacts can be checked in the most systematic and unbiased way simply by increasing the cutoff energy. We have accounted for these properties by varying the cutoff in the range from 35 to 60 Ry. In addition to using periodic boundary conditions, isolating boundary conditions were imposed for charged species, following the method proposed by Hockney 57 as implemented in Ref. 58 ; see the review paper 34 for a discussion of such methods. In order to differentiate these results from the periodic CPMDx data they will be referred to as CPMDxiso. In addition, we have checked the effect of the finite box size with periodic boundary conditions by both enlarging and reducing the simulation supercell for the largest benchmark cluster CH 3 SH-Au 2 by 2 Å. However, the associated changes in energy differences turned out to not exceed 0.002 eV and effects on the structure are also negligible, so that we may assume that our results are converged with respect to this parameter.
The binding or dissociation energies, defined by ⌬E ϭE adduct Ϫ(E cluster ϩE molecule ) ͑with ''cluster'' and ''molecule'' being in the appropriately charged states͒, as obtained for various cutoffs and boundary conditions are compiled in Table I in addition to the most relevant structural parameters. For the neutral system the binding energies were obtained using both periodic and isolating boundary conditions. Within the probed cutoff range of 35-60 Ry the relevant property changes are in the order of magnitude of optimization errors, indicating that the results may be considered converged. There is also no relevant energy difference between periodic and isolating boundary conditions for the neutral adduct obtained by attaching CH 3 SH to the gold dimer. Since CH 3 SH-Au 2 certainly has nonvanishing higher multipole moments, this indicates that the electrostatic coupling between the supercell and its periodic images is negligible for such situations within the supercell of 13 Å edge length used. Finally, there is no significant effect of the variation of cutoff, boundary conditions, and box size on the structural parameters of any of the three adducts observed. After these internal convergence checks we can proceed and make comparison with results from the GAUSSIAN 94 calculations using a variety of other methods. The BP86 results of the gold dimer CPMDx calculations compiled in Table II appear to be in satisfactory agreement with data based on other electronic structure calculations ͑with the notable exception of the Hartree-Fock method͒ and experimental data. Recent compilations 26, 27 of computed Au 2 properties using a variety of different methods for the treatment of core electrons, electron correlation, and relativity yield values in the range d e ϭ2.44-2.71 Å and ϭ139-200 cm Ϫ1 . When not using very highly elaborated quantum chemical methods, quantitatively correct results are often caused by error cancellation, 27 with the most common probably being the BSSE, which is known to shorten the bond length artificially. 54 While the TABLE I. Binding energies and most relevant structural properties of the smallest gold-thiol͑ate͒ adducts as a function of the plane wave cutoff used for the CPMDx calculations ͑x: cutoff in Rydberg units͒. The calculations using an isolated simulation box are denoted as CPMDxiso. Energies, distances, and angles are given in electron volt, Å ngstrøm, and degree, respectively. GAUSSIAN 94 data are certainly affected by BSSE, the CPMDx calculations are certainly free of BSSE artifacts. This makes us confident that at least the quality of the results of the CPMDxdimer calculations mark the lower limit for the quality of results that can be expected for larger gold clusters and for the gold-thiol͑ate͒ systems. The structure and energetics of the plane wave BP86 calculations ͑using the CPMD60iso setup͒ are compared to GAUSSIAN 94 reference calculations for the three adducts under consideration in Table III . With respect to structure only a few significant differences can be observed. The goldsulfur bond length d S-Au seems to be consistently smaller ͑ϳ0.01-0.04 Å͒ using the CPMD60iso approach, while the S-H bond d S-H is slightly longer ͑ϳ0.01-0.03 Å͒ compared to all other methods. Thus, these bond length differences between post HF and DFT results are rather small. This observation should be contrasted with our HF/G94 treatment and the HF results reported in Ref. 16 , which both lead to a significant overestimate of the S-Au bond lengths compared to all other methods used here, see Table III . For all three cases the Au-S-C angle is very similar for the DFT methods, whereas MP2 consistently predicts a slightly smaller angle ͑by ϳ2°͒. Overall, the structure of the three representative adducts is well represented using the CPMD60iso approach if compared to data obtained with correlated electronic structure methods.
The comparison of binding energies is somewhat more involved. Not surprisingly, the BP86/G94 results are very close to the CPMD60iso data, the essential differences of these two approaches being the basis set and the pseudopotentials. The CPMD60iso data consistently shows a slightly stronger binding than the BP86/G94 data, with maximum deviations of 0.29 eV. The largest relative deviation of about 10% is found for the weakest interaction, whereas the difference is only 1-2% for the strongest adduct. The MP2 and QCI data are consistent with each other all the way from the strongest to the weakest interaction. Compared to these data, the CPMD60iso calculations result in an overbinding of about 15%, 5-10%, and 40% for the strongest, weakest, and intermediate adducts, respectively. Thus, BP86 leads to a significant overestimation of the gold-sulfur bond dissociation energy only in the cases where one of the adducts is a gold cation. These different levels of quality achieved with the BP86 method might be associated with the significant overestimation of the Au 1 ionization potential which has to be overcome to form cationic Au 1 adducts, see Sec. III B. However, all methods consistently find the weakest Au-S interaction occurring for the CH 3 SH-Au 2 species and the strongest for dissociation of CH 3 S Ϫ -Au ϩ into charged species. Finally, all methods also predict that dissociation of CH 3 SAu into the open-shell species Au and CH 3 S is energetically preferred over the formation of Au ϩ and CH 3 S Ϫ ions ͑but see below for more details͒.
Summarizing this section, the comparisons indicate that a cutoff energy of 40 Ry is sufficient to ensure convergence in terms of the plane wave basis set with respect to energy differences and structures. In addition, the distances between periodic images involving uncharged species were found to be sufficient to essentially avoid electrostatic multipole interactions between the species and their periodic images. The comparison between DFT and HF, MP2, and QCISD͑T͒ calculations gives a less consistent picture concerning goldsulfur bonding. In general it is found that BP86 tend to overestimate the interaction strength when one of the adducts is cationic gold as compared to the correlated methods used. While it cannot be expected to obtain quantitatively consistent results given the complexity of the systems and the level of theory used, it is clear that the CPMD40 approach does yield satisfactory results concerning structure and energetics both compared to other ͑more demanding͒ calculations and to experiment ͑where available͒. It is important to note that while we consistently find the dissociations involving Au ϩ disfavored, these are of less practical importance for our calculations. This justifies the use of BP86, which performs better than B3LYP in the more important situations. Finally, the interaction between a neutral thiol and a gold cluster seems to be stronger than the analogous interaction with a surface. While binding energies in the range of 0.97 eV to 1.35 eV are obtained for the adduct (CH 3 SH) -͑Au 2 ͒, the experimental adsorption energy of methylthiol on Au͑111͒ is reported 59 to be 0.60 eV. The surface slab calculations 19 also yield values that are smaller than those found here for the finite system ͑however, these values are quite sensitive to the functional used, i.e., 1.00 eV for LDA, 0.56 eV for PBE, and 0.01 eV for BLYP͒. This is in accord with the trends found for methanol adsorption onto gold clusters 40, 60 and thus it is not unexpected here.
B. Larger adducts: Adsorption geometries and energetics
After having gauged the performance of the CPMD40 approach using the smallest meaningful systems we now proceed to adducts formed with somewhat larger gold clusters based solely upon this approach. While the calculation of the chain-length dependence is a comparatively easy task, see Sec. III C, probing the cluster size dependence is much less trivial. The reason for this is that even with an extended search protocol such as the one outlined in Sec. II B, low energy structures may be missed if the starting configurations of the search are not set up appropriately. In order to avoid this complication we have performed several ab initio simulations and obtained for each cluster and cluster-adsorbate adduct multiple isomers from which we are able to draw conclusions about the nature of bonding of thiols and thiolates upon gold clusters.
We start with an overview of the structures and relative energies found for isomers I i of Au 5 , Au 4 , Au 3 and their cationic species Au 5 ϩ , Au 4 ϩ , and Au 3 ϩ , see Fig. 1 . We adopt the nomenclature that the lowest energy isomer is denoted as I 1 and the remaining isomers are given an index according to increasing energy. The isomeric order is similar to previous findings 55, 61, 62 for Au 4 and its cation, i.e., the planar structure containing two edge-sharing triangles is lower in energy ͑by 0.05 eV or 0.29 eV for the neutral and cationic case, respectively͒ compared to related structures consisting of a triangle and ''dangling gold atom.'' The ground state of Au 3 turns out to be a very open triangle within the BP86 approach, being slightly lower in energy ͑by 0.10 eV͒ than the closed triangular forms reported in previous studies. 55, 56, 63, 64 This open structure I 1 ͑Au 3 ͒ is reminiscent of the ground state of a monoatomic gold wire ͑the angle being 139°in the molecule compared to 131°in the wire 65 ͒. However, the structure of the global minimum depends much on the electronic structure method used because the potential energy surface is very flat with low-lying excited states and allows in addition for Goldstone modes, see Ref. 64 for further discussion. Thus, the neutral ground state structure, which is naively speaking a compromise between the linear and triangular arrangements, is most probably an artifact of the particular density functional approach. But the definite assignment of the energetics of such small gold clusters is not the focus of our study and has to await a much more sophisticated electronic structure treatment of such open-shell species. The cationic ground state of Au 3 ϩ , on the other hand, is found to be the standard triangular form, which is clearly lower in energy ͑by 1.61 eV͒ than the linear and bent species. For Au 5 ϩ we find the planar X-shaped pentamer structure to be the ground state, with a significant ͑i.e., 0.62 eV͒ energetic preference over the trigonal-bipyramid I 4 ϩ ͑Au 5 ϩ ͒. The planar A-shaped structure suggested for the ionic pentamer in Ref. 55 was found not to be stable. However, the first three isomers of the cationic pentamer are very close in energy ͑I 2 : ⌬Eϭ ϩ0.04 eV, I 3 : ⌬Eϭϩ0.09 eV͒ and might be considered to be isoenergetic within the accuracy of this calculation. For neutral Au 5 clusters the ground state is a planar structure consisting of three edge-sharing triangles and is favored over the X-shaped species by 0.41 eV and over the trigonal bipyramid by 0.95 eV.
All the gold cluster structures shown in Fig. 1 were then used as starting configurations for the gold-thiol/thiolate adducts, with the molecules placed in different locations in order to cover the possible binding environments of sulfur. For adducts of CH 3 SH with Au 2 and Au 4 only stable configurations with sulfur bound to a single gold atom were obtained, see Fig. 2 . The two stable adducts shown for Au 4 SHCH 3 turned out to differ only slightly in energy by 0.08 eV. While configurations with a sulfur bond to two and three gold atoms were included in the search, none of these were found to be stable. For the isomers of these neutral adducts there are multiple conformations ͑degenerate within about 0.02 eV͒, which differ in the orientation of the methyl group relative to the cluster plane. This is indicative of a flat potential energy surface for rotation about the gold-sulfur bond as expected.
In the simplest thiolate adduct, AuSCH 3 , the gold atom essentially takes over the place of the proton in the methylthiol. However, while the C-S-H angle in the free thiol is about 97°, the C-S-Au angle of 105°turns out to be slightly more open. Three stable isomers have been found for the thiolate adduct with Au 3 ϩ , where the ground state structure again exhibits a singly coordinated sulfur. An essential difference from the adducts with neutral thiols is that the thiolate-gold bond is strong enough to introduce structural changes in the gold clusters. The second isomer I 2 of Au 3 SCH 3 , which resulted from a starting structure where the sulfur was located on top of a threefold coordinated site, converted into an isomer similar in structure to Au 2 SHCH 3 with the proton at the sulfur replaced by gold. Thus, the interaction of Au 3 ϩ with CH 3 S Ϫ leads to a complete rearrangement of the gold cluster itself into I 2 being 0.18 eV higher in energy compared to I 1 . Finally, all thiolate adducts formed initially with the linear Au 3 ϩ converted during optimization into one of the three isomers shown in Fig. 2 .
A similarly dramatic impact of thiolates on the structure of small charged gold clusters can be observed for the binding to Au 5 ϩ . Isomer I 1 of Au 5 SCH 3 was obtained by depositing the sulfur at a twofold coordinated position at the opposite site of the W-shaped gold pentamer I 3 ϩ from Fig. 1 . Similarly, when initially depositing the thiolate at a twofold coordinated site on the bipyramidal gold pentamer I 4 ϩ the structural optimization also converges to the same isomer I 1 of Au 5 SCH 3 . In analogy to the smaller thiolate adducts, the replacement of the proton in the respective thiol structure of Au 4 with a gold atom leads to a stable isomer, see I 7 in Fig.  2 . In this case, however, it is energetically much higher than the ground state by 1.58 eV. Most notably, all ground state structures found in this investigation are planar, including the sulfur site. While the tendency of small group Ia and Ib clusters to form stable planar structures is well known 55, 66 and planar structures have also been found for monoatomic gold wires 65 as well as gold clusters 62 with up to seven gold atoms 63 the effect is not yet well understood. As an aside, the ground state isomer I 1 of Au 5 SCH 3 turns out to be structurally identical to the ground state isomer found for Au 6 in Refs. 55 and 63 when replacing sulfur with gold. This may result from the similar electronegativities of Au and S, though we leave this issue open to speculation at this point. In passing it is also interesting with compare these observations to other molecules absorbed onto gold clusters, such as methanol. Methanol does not perturb the underlying gold cluster structures and can actually be used as a ''sensor molecule'' in order to probe cluster properties. 39, 40, 60 In the following, the various isomers will be discussed in terms of three quite different bonding situations where sulfur forms one, two, or three distinct ''bonds'' to gold. Figure 3 gives an overview of the binding energies and important structural properties found for the isomers investigated. As expected, the binding energies for low-lying isomers of thiolates are much stronger than those for thiols. This trend is also reflected in the bond distance for comparable situations. The smallest bond distance in the isomer I 7 of Au 5 SCH 3 increases by 0.02 Å upon exchanging of the respective gold for hydrogen ͑which leads to isomer I 1 of the thiol adduct Au 4 SHCH 3 ͒. When comparing the structural properties of the thiolate gold isomers at the chemisorption site it is found that there is a general trend for the sulfur-gold bond length to increase with increasing coordination number of both the sulfur and the gold ions to which sulfur is bound. For example, for the thiolates with a coordination to three gold atoms, which is I 8 and I 9 of Au 5 SCH 3 , the longest sulfurgold bonds ͑up to 2.54 Å͒ are observed in addition to one interaction with a much shorter bond length of 2.31-2.33 Å, which is similar to those found in the species where sulfur is coordinated to only one gold atom.
It is important to note that the very low binding energy of I 8 and I 9 is indicative of the fact that for clusters in this size regime sulfur does not prefer to be bound to three gold atoms.
Further inspection of the behavior of bond angles leads to another interesting observation. If we exclude the unusually weakly bound isomers ͑I 8 , I 9 , and I 10 ͒ from this discussion, the thiolate/thiol-gold bonds feature clearly a preferred Au-S-C bond angle varying between about 103°and 109°. Actually, this is of the same order of magnitude as the variation of the intramolecular C-C-S bond angles, which are in the range 108 -116°in the different bonding situations ͑not displayed in the figures͒. This is an indication that the sulfur-gold bond has a distinct directionality, which has significant energetic consequences. This steric component of the Au-S-C bond angle might also have implications for thiolates on surfaces. While the site that is on top an Au ion ͑singly coordinated͒ is considered to be the most stable structure for the neutral thiol molecule on an Au͑111͒ surface, 8, 19, 24 the hollow site ͑allowing for a threefold coordination of sulfur with gold atoms͒ is generally considered to be the preferred bonding site for thiolates on such surfaces; 8, 9, 19 note that the long-wavelength ()ϫ22) or ()ϫ23) reconstruction of Au͑111͒ does not seem to be relevant for this discussion. The Au-S-C bond angles in the calculations presented here can be considered to be unconstrained equilibrium bond angles, as there is no adduct in the set of isomers where gold-gold interactions could induce hindrance. In addition, the interactions between the gold cluster itself and the aliphatic chain are expected to be negligible by construction. Concerning adsorbed thiol molecules, which prefer to be singly coordinated on gold, the issue of a preferred bonding angle is not critical in a twodimensional surface environment. Indeed, for surfaces Ref. 24 reports that an angle of 100°and a value of 105.8°is obtained in Ref. 19 , which are close to the values obtained here for finite cluster systems. For a thiolate on an on-top site values of 108°͑Ref. 24͒ and 104.4°͑Ref. 9͒ were reported, which is again consistent with the equilibrium bond angles found in cluster environments. However, within the standard model of the symmetrically threefold bound position, the low-energy structure of thiolate molecules on the Au͑111͒ surface does not fit the cluster picture directly without significant surface modification. This can easily be seen from the following considerations based solely on the local structure of the system. Assuming the symmetrically threefold bound position with d Au-S ϭ2.45 Å, the bond angle would be Є Au-S-C ϭ137.3°on an ideal ͑111͒ surface, with the Au- Au   FIG. 3 . Properties of various CH 3 SHcluster adducts and CH 3 S-cluster adducts ͑with dissociation into radicals͒ as a function of cluster size and relative isomer energy. Binding energies in eV ͑top panel͒, S-Au bond lengths in Å ͑middle panel͒, and C-S-Au bond angles in degrees ͑bottom panel͒ for various isomers I i as calculated with the CPMD40 approach. On the abscissa the methylthiol adducts are abbreviated with Au n SH and the thiol radical adducts with Au n S. In the legends SAu1, SAu2, SAu3 denote the different gold-sulfur bonds in order of increasing Au-S distance. distances fixed to the bulk values of 2.88 Å for simplicity. On the other hand, the Au-Au distance would have to increase dramatically to a value of 3.95 Å in order to allow for a bond angle of about 110°for instance, which would correspond to an unperturbed Au-S-C bonding geometry. Based on these admittedly crude estimates, it can nevertheless be expected that there has to be some tradeoff between optimizing the bond angle, the bond distance, and reconstructing the surface. This view is supported by a comparison between results of larger ab initio thiolate-gold structural optimizations with and without fixed gold coordinates. Previous calculations with fixed gold positions yielded values between 143.5°, 144.6°, and 138.9°, 9 while calculations including gold relaxations yield values of 126.1°͑surface slab calculation of Ref. 19͒ . Thus, as a consequence of the preference of certain bond angles, it appears that local reconstruction of the gold-gold bond distances allows the Au-S-C angle to relax towards unconstrained equilibration values close to those found in the present cluster study. This view is also supported by a related DFT study on adsorption of thiolate on atomic gold wires 67 where a rather large structural modification of the wire upon adsorption was observed.
The binding energy ⌬E of the thiol-gold adducts is calculated as usual from ⌬EϭE(Au n HSR)Ϫ(E(HSR) ϩE(Au n )) with Rϭ(CH 2 ) m CH 3 . In the case of the thiolates it is convenient to use the following decomposition scheme in order to calculate the binding energies from the radicals:
where EA͑SR͒ϭE(SR)ϪE(SR Ϫ ) defines the optimized adiabatic electron affinity and IP(Au n )ϭE(Au n ϩ )ϪE(Au n ) is the adiabatic ionization potential of the species. The energy difference between the dissociation into the radicals and the dissociation into the ionic species is exactly IP(Au n )ϪEA͑SR͒. There is, however, the underlying assumption that spin-polarized ͑unrestricted͒ calculations of the even electron number systems yield the same total energies as the calculations that do not allow for spinpolarization, which should be reasonable for nonmagnetic systems. Moreover, this provides us with a qualitative insight into the nature of the chemical bonding and allows us to relate our findings to experimentally observable parameters. We obtain IP͑Au͒ϭ9.80 eV and the computed adiabatic ionization potentials used in the decomposition are IP ad ͑Au 3 ͒ϭ7. 45 ͒ϭ1.98 eV. As a result, dissociation into two radicals ͑open-shell species͒ is preferred to the dissociation into the ions ͑closed-shell species͒ under the condition that it is the gold-sulfur bond that is broken. Since the work function of gold in the bulk is only about 5.1 eV this preference can also naively be expected to hold for respective gold surface/thiolate systems. Note, however, that this statement can only be made under the assumption that the gold-sulfur bond is broken, whereas a more complex desorption of thiolates on gold surfaces into larger adducts might allow for completely different scenarios.
Interestingly, it is found that already in the case of an adduct as small as Au 5 SCH 3 dissociation into the two closedshell species Au 4 and AuSCH 3 is preferred by about 0.29 eV compared to dissociation into the respective radicals, i.e., Au 5 and SCH 3 . Even lower in energy ͑by about 0.50 eV͒ is the dissociation channel yielding Au 2 and Au 3 SCH 3 as products. Likewise fragmentation of Au 3 SCH 3 into Au 2 and AuSCH 3 is again preferred by 1.16 eV over fragmentation into Au 3 and the methylthiol radical. This observation may have interesting ramifications for experiments where thiol/ thiolate molecules are removed from gold surfaces using an atomic force microscope. Our results suggest that because of the finding that sulfur becomes a more or less covalently bonded part of the gold cluster ͑or surface͒, enforced removal of the molecule from Au n SR might easily result in cluster fragmentation. This would lead to the generation of closed-shell species Au n-m and Au m SR, mϾ0 as an energetically competitive and possibly even preferred process.
C. Longer chains: Chain-length effects on energetics
The experimental studies of thiols or thiolates on surfaces are typically done using long-chain molecules. On the other hand, calculations become increasingly expensive the longer the aliphatic chain. In this section, we attempt to assess to what extent the number of carbon atoms affects the binding energy of both thiols and thiolates. Previous calculations 24 have shown that at least one carbon atom is necessary in order to describe the sulfur-gold binding correctly. Here, we quantify the errors in terms of energies associated with the truncation of the aliphatic chain. The binding energy is found to become stronger with the length of the chain, given a fixed cluster size and adsorption site, see Fig.  4 . Quantitatively speaking the plot shows that inserting a single -CH 2 -group increases the binding energy slightly ͑at most 0.06 eV for I 1 of Au 4 SHCH 2 CH 3 ͒, but adding a second -CH 2 -group leads to negligible changes on the relevant energy scale. In other words, using methyl species instead of long chains introduces errors of the order of 0.06 eV.
Going back to the discussion of the electron affinity in Sec. III B it is clear that increasing the aliphatic chain length has only a minor effect on the energy difference between a dissociation into ionic species and the dissociation into radicals ͓IP(Au n )ϪEA͑SR͔͒. Thus, the previous conclusion regarding preferred dissociation into radical species vs closedshell molecules still holds. In all cases the stabilization of chemical bonding upon increasing the chain length is less than 0.09 eV, which one would estimate based upon the extra stability of the long-chain thiol radicals as governed by the electron affinities. An additional factor to consider when having experiments in mind is the increased attraction between the aliphatic chains and the cluster, which should increase the total energy of the adduct species and thus the net binding energy. However, for all adducts studied here the aliphatic chains are far away from typical van der Waals interaction radii and thus no significant through-space interaction is expected to arise. The difference of the stabilization of the binding energy results in a fairly small increase ͑by Ϸ0.01-0.07 eV͒ in the gold-sulfur binding interaction. This small effect due to the aliphatic chains on gold-sulfur bonding is negligible compared to binding energies of the order of at least one eV.
Thus, it appears that for isolated ͑or low coverage͒ thiol or thiolate species adsorbed onto surfaces and clusters already the shortest carbon ''chain,'' i.e., the methyl species with RϭCH 3 , will provide a semiquantitative description of gold-sulfur bonding. An essentially quantitative representation of these properties can be expected if two carbon atoms, i.e., the ethyl species with RϭCH 2 CH 3 , is employed instead. However, it is clear that this conclusion is not expected to hold true in the limit of high surface coverages, relevant to SAMs or passivated clusters, where steric interactions between aliphatic chains may even play a crucial role in the overall energetics of the system.
IV. SUMMARY AND CONCLUSIONS
The present study was largely stimulated by current experiments on bonding between thiols or thiolates and gold clusters or surfaces. Concerning the description of their electronic structure, these systems have to be classified as fairly complex, for a variety of reasons. The bottom line is that it is currently not possible to perform calculations of a reasonably sized system of this kind that are satisfactory in all respects. Thus, compromises have to be made in order to contribute theoretically to the current experimental debate on sulfurgold bonding. One major aim of this study was to gauge various electronic structure methods, in particular density functionals of the generalized gradient approximation ͑GGA͒ type. This is important since only these approaches can currently be used in large-scale first principles simulation studies of such systems.
The present plane wave/pseudopotential data based on the Becke-Perdew ͑''BP86''͒ gradient-corrected density functional were compared to HF, MP2, QCISD/QCISD͑T͒ as well as B3LYP results concerning both structures and energetics. The assessment is based on the smallest possible adducts CH 3 S Ϫ -Au ϩ , CH 3 SH-Au 2 , and CH 3 SH-Au ϩ , which were selected as representatives of strong, weak, and intermediate strength interactions. As expected, the BP86 plane wave results compare favorably with the ones obtained with Gaussian basis sets. The optimized DFT structures compare fairly well to all other quantum chemistry methods, with the notable exception of the Hartree-Fock data, which cannot be considered satisfactory. Concerning the binding energies, it is found-not unexpectedly-that BP86 leads to stronger sulfur-gold interactions than the correlated quantum chemistry methods MP2 and QCISD or QCISD͑T͒. Still, the relative strength of the different interactions is qualitatively reproduced by all methods used. Overall, the BP86 approach leads to an acceptable description of sulfur-gold interactions as compared to correlated quantum chemistry methods, although there is certainly ample room for improvement. A second issue was to get a glimpse of energetics and preferred adsorption sites of both thiols and thiolates upon various gold clusters of different sizes and structures. These adducts, composed of up to five gold atoms and up to C 3 -thiol ͑n-propylthiol͒, are already in the realm where nonlocal geometry optimizations and decent correlated methods, such as QCISD, are difficult to use. However, such calculations can be easily performed using the Car-Parrinello approach as gauged initially.
Using ab initio simulated annealing, it is shown that the thiolate-gold interaction can lead to complete rearrangements of the clusters' initial structure. Upon inspecting these rearrangements, it can be inferred, naively speaking, ''that the Au-S interaction is strongly covalent and directional.'' This statement is also supported from the recent low energy structures of Au 38 ͑SCH 3 ͒ 24 , where the sulfurs are incorporated into the cluster surface. 18 Our isomeric sets show no clear preference for single or double coordination of the sulfur to gold for this cluster size regime. The triple coordination is possible but clearly disfavored. This might be associated with the reconstruction of the gold clusters that is needed in order to form triple bonds within the appropriate range of bond angles and distances. For thiolates, there seems to be a preferred Au-S-C bond angle of about 105°, which leads to local configurations that cannot be easily accommodated on the threefold hollow adsorption site on Au͑111͒ surfaces-the traditional picture for thiolates on gold surfaces. This suggests that major local reconstructions of gold surfaces should be expected due to this steric effect, which can be traced back to preferred Au-S-C bond angles.
In addition, it is found that dissociation into open-shell ͑radical͒ species is favored over that into closed-shell ͑charged͒ species, provided the gold-sulfur bond is forced to break. Interestingly, dissociation into closed-shell species is a competitive channel if the cluster itself is fragmented, which is already favored over the open-shell scenario in the case of Au 5 SCH 3 . This observation might have an impact on how sulfur-gold bonds break if thiolates are pulled off gold surfaces.
Finally, experiments are normally performed with fairly long chains that are terminated by a thiol or thiolate functional group. Thus, the effects of chain length on sulfur-gold bonding have to be assessed in order to devise meaningful models which are as small as possible. Here, it is shown that the binding energy is basically converged using an aliphatic chain composed of only two carbon atoms, and even the methyl species leads to acceptable results in view of other sources of error. After submission of this paper, we have become aware of another first-principles calculation of thiolates on gold with different alkane chain lengths.
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